Abstract-Volatilization of toxaphene residues from agricultural soil was investigated at farms in the southern United States by collecting air samples 40 cm above the soil. The concentration of total toxaphene ranged over several orders of magnitude, from Ͻ3 to 6,500 ng g Ϫ1 dry weight in soil, and Ͻ0.3 to 42 ng m Ϫ3 in air. A log-log plot of total toxaphene concentrations in soil and overlying air showed a significant (p Ͻ 0.001) positive relationship, with r 2 ϭ 0.73. The soil/air fugacity ratio (FR) for 26 events ranged from 0.4 to 238, exceeded FR ϭ 1.0 (soil/air equilibrium) in 24 events, and exceeded FR ϭ 10 in 17 events. This indicates that toxaphene in air sampled at 40 cm generally was not at equilibrium but undersaturated with respect to the soil. Compared to a technical toxaphene standard, chromatographic profiles of toxaphene residues in soil and air showed alterations due to preferential degradation and volatilization of the components. Peaks matching the retention times of labile octachlorobornanes B8-531 and B8-806 ϩ B8-809 were depleted in both soil and air relative to the more recalcitrant B8-1413 ϩ B8-1945 and B8-2229. For each event, log-log plots were made of the dimensionless soil/air concentration quotient (Q) versus liquid-phase vapor pressure (P L , Pa) for 10 toxaphene components (peaks containing coeluting congeners) that spanned the volatility range of hepta-to nonachlorobornanes. Statistically significant linear relationships were obtained with r 2 values for most events ranging from 0.54 to 0.96. Slopes for all but one event ranged from Ϫ1.01 to Ϫ1.53 and averaged Ϫ1.28 Ϯ 0.20. When regressions were carried out for only components one to nine, which cover the vapor pressure range of most components reported in ambient air, the average slope was reduced to Ϫ1.02 Ϯ 0.15. Previous models of toxaphene emission, transport, and deposition have considered only total toxaphene. These results provide a basis for modeling soil/air exchange on the basis of single congeners or groups of congeners having similar volatilities.
INTRODUCTION
Toxaphene was used as a broad-spectrum insecticide in the United States until its deregistration for most applications in 1982 and withdrawal for all applications in 1986 [1] . Over 80% of all toxaphene applications occurred in the southern United States, and 20% in other regions [2] . Toxaphene also was used as a cattle dip and to kill unwanted fish in lakes prior to restocking [1] . Toxaphene and similar products were produced in other countries, including Nicaragua, Mexico, the former Soviet Union, and eastern Europe [3] .
Residues of toxaphene remain in agricultural soils, particularly in the southern United States. In a 1996 survey of agricultural soils in Alabama, USA [4] and a similar 1999 to 2000 survey in Alabama, Louisiana, and eastern Texas, USA [5] , toxaphene was above the quantitation limit of 3 ng g Ϫ1 dry weight in 57 of 62 soil samples with arithmetic and geometric mean (AM, GM) concentrations of 688 and 92 ng g Ϫ1 [5] . These residues continue to be emitted into the atmosphere long after the deregistration of toxaphene and likely give rise to observed concentrations in the southern U.S. ambient air [6] [7] [8] that are approximately 10 to 50 times above those in the Great Lakes region [9] [10] [11] [12] [13] [14] [15] . A soil-air exchange model for Alabama estimated that 3.3 to 11 t of toxaphene was emitted in 1996 from agricultural soils [16] . Li et al. [17] estimated that 364 t was emitted in 2000 for the entire United States, of which 43% and 30% came from the southeast (South Carolina, Florida, Georgia, and Alabama) and Delta (Mississippi, Louisiana) states. Atmospheric transport of toxaphene from the southern United States has led to accumulation of residues in tree bark that follow a radial dilution model, decreasing to the north and south of an epicenter located between 30 to 35ЊN,90 to 95ЊW [18] . Toxaphene concentrations in air samples in the Great Lakes region on the Canada-U.S. border are elevated when air masses arrive from the south [10, 12, 15] , and this has resulted in toxaphene deposition into Lake Superior [14] and peat bogs near the Great Lakes and in eastern Canada [19] . An early transport model predicted dispersal of toxaphene from usage areas in the southern United States and deposition into the Great Lakes [20] . More recently, MacLeod et al. [21] applied the Berkeley-Trent North American mass balance contaminant fate model (BETR North America) to modeling the dynamic mass budget for toxaphene between 1945 to 2000 [21] . Of the 5.34 ϫ 10 5 t of toxaphene that were used in North America, it was estimated that 1.5 ϫ 10 4 t (3%) remained in active circulation as of the year 2000; 6.5 ϫ 10 4 t (12%) had been removed from the continental environment by advection of air and water and burial in soils and sediments; and 4.54 ϫ 10 5 t (85%) had been removed by degradation reactions. Most of the toxaphene in active circulation resided in the soils of the southern United States and Mexico (83%). Toxaphene transfer to the Great Lakes from usage within the Great Lakes basin was estimated to be 78 to 220 times more efficient than transfer from peak usage regions in the south. Even considering this, continental-scale transport from other BETR regions with higher toxaphene usage (including the southern United States) supplied approximately 70% of toxaphene loadings to Lake Superior.
As one of the 12 persistent organic pollutants targeted for [21] . MacLeod et al. [21] noted that significant impediments to creating the BETR North America model for toxaphene were lack of knowledge about emissions, environmental fate and transport processes, degradation rates, and physicochemical properties.
In 1999 and 2000, we sampled soil and overlying air at farms in the southern United States to investigate soil-to-air exchange of organochlorine pesticides, including toxaphene. A companion paper [5] presents soil and air concentration data for all organochlorine pesticides and their fugacity gradients between soil and air. In that paper, toxaphene was reported only as the total concentration of all components. Here more details are provided about the nature of the toxaphene residues and their fractionation upon volatilization from the soil.
MATERIALS AND METHODS

Soil and air sampling
Soil and air at 40 cm height were sampled at farms in Alabama, Louisiana, and Texas during June 1999 and June 2000. Multiple soil cores were collected within a 100 ϫ 100 m grid for large farms or over the entire field for smaller ones, then pooled and sieved (2-mm stainless steel mesh) before analysis. Moisture content was determined by the difference between the dry and wet weights [5] . Air was sampled for 8 to 12 h either during day or night using a glass fiber filter backed up by a polyurethane foam (PUF) trap for vapors. The filter containing soil dust and other atmospheric particulate matter was discarded and only the PUF plug was analyzed to provide vapor-phase toxaphene concentrations. Further descriptions of locations and sampling techniques are given in our previous paper [5] .
Analysis
Soil and air samples were extracted and analyzed as described previously [4, 5, 8] . Samples were fortified before extraction with 20 to 100 ng of labeled organochlorine pesticides (␣-hexachlorocyclohexane-d 6 , p,pЈ-DDT-d 8 , 13 C 10 -heptachlor exo-epoxide, 13 C 10 -trans-nonachlor, and 13 C 12 -dieldrin) as recovery surrogates. Soils (ϳ15-30 g) were mixed with granular anhydrous sodium sulfate and Soxhlet extracted with dichloromethane; PUF plugs were Soxhlet extracted with petroleum ether. Extracts were solvent exchanged into hexane, cleaned up by alumina column chromatography, and reduced into 2 ml isooctane for analysis. Samples were analyzed by gas chromatography-electron capture negative ion mass spectrometry (GC-ECNI-MS) using a Hewlett-Packard 5890GC-5989B MS-Engine (Avondale, PA, USA) operated in the selected ionmonitoring mode with helium carrier gas at 40 cm s Ϫ1 and methane at a nominal pressure of 1.4 Torr. Separations were done on a 60-m DB-5 column (0.25 mm internal diameter, 0.25-m thick film; J&W Scientific, Rancho Cordova, CA, USA). The (M-Cl Ϫ ) ions monitored for toxaphene homologs were 343, 345 (heptachlorobornanes), 379, 381 (octachlorobornanes), and 413, 415 (nonachlorobornanes). Total toxaphene was quantified versus technical toxaphene (U.S. Environmental Protection Agency Repository for Pesticides and Industrial Chemicals, Research Triangle Park, NC) using an internal standard of 13 C 12 -polychlorinated biphenyl-105 (Cambridge Isotope Laboratories, Cambridge, MA, USA). Toxaphene residues were calculated using a single response factor method, from the sum of areas of the hepta-, octa-, and nonachlorinated homologs [8, 22] . Peaks matching the retention times of individual toxaphene congeners were assigned using standards obtained from Promochem (Wesen, Germany), Ehrenstorfer Laboratories (Augsburg, Germany), and individual investigators (see Acknowledgement section).
RESULTS AND DISCUSSION
Quality control
Results of quality control checks for organochlorine pesticides are given in a previous paper [5] . Mean recoveries of the five labeled surrogate compounds ranged from 77 to 86% for soils and 83 to 122% for PUF plugs, with relative standard deviations of 10 to 24%. Toxaphene spikes were not added in this study. In previous surveys of Alabama soil and air using the same extraction and analytical techniques, recoveries of total toxaphene averaged 94 Ϯ 18% from four spiked soils [4] and 96 Ϯ 3% from three spiked PUFs [8] . In an investigation of toxaphene in the air and water of Lake Superior [22] , toxaphene standards were measurable by GC-ECNI-MS at a concentration of 12 pg L Ϫ1 with about a 10:1 signal:noise ratio. The lowest toxaphene standard concentration used in this study was 30 pg L
Ϫ1
. At a final extract volume of 2 ml, this corresponds to quantitation limits of 3 ng g Ϫ1 for a 20-g soil sample and 0.3 ng m Ϫ3 for a 200-m 3 air sample.
Residues and soil-air exchange of total toxaphene
Concentrations of total toxaphene in soils at 30 farms sampled in 1999 and 2000 ranged from Ͻ3 to 6,500 ng g Ϫ1 , with AM and GM concentrations of 1,138 and 113 ng g Ϫ1 (onehalf the quantitation limit, 1.5 ng g Ϫ1 , was assumed for three low-level soils in calculating these means). These are somewhat higher than the AM ϭ 688, GM ϭ 92 ng g Ϫ1 concentrations calculated for the combination of the 1996 and 1999 to 2000 surveys [5] . Such a high spatial variability of toxaphene in soils is not unusual. The range of toxaphene concentrations reported here is similar to that found in agricultural soils in the southern states of Georgia and South Carolina [23] . Other pesticides in agricultural soils of the southern [4, 5, 23] and midwestern [24] United States typically span two to three orders of magnitude. Air samples (29 total) were collected at 16 farms, selected to represent a wide range of soil concentrations. Toxaphene in air was below the quantitation limit of 0.3 ng m Ϫ3 in two samples; the others ranged from 0.3 to 42 ng m Ϫ3 with AM and GM concentrations of 6.2 and 3.6 ng m Ϫ3 (calculated using half the quantitation limit for the two low-level air samples). Twenty-six events in which toxaphene was detectable in both the soil and air are summarized in Table  1 . Toxaphene concentrations in many of the air-over-soil samples were one to two orders of magnitude higher than those in ambient air of Alabama and Texas [7, 8] . Night/day pairs of air samples were taken at 13 fields and single samples at three fields. Ratios of night/day concentrations for eleven pairs that were above the quantitation limit for both events ranged from 0.44 to 2.8, with night higher than day in seven cases. A loglog plot of total toxaphene concentrations in soil and air at 40 cm height showed a significant ( p Ͻ 0.001) positive relationship, with r 2 ϭ 0.73 (Fig. 1 ). Mackay [25] conceived and developed a fugacity approach to environmental modeling and, with coworkers, formulated fugacity models to describe the transport and fate of agrochemicals and other organic contaminants in soils [16, 26, 27] . Here, fugacities (Pa) of toxaphene in soil ( f s ) and air ( f a ) were calculated from [16] 
s a s a om oa where FR is the soil/air fugacity ratio, C s and C a are the concentrations in soil and air (mol m Ϫ3 ), K oa is the temperaturedependent octanol-air partition coefficient of the chemical, om is the fraction of organic matter in the soil, T is the air temperature (K), and R ϭ 8.31 Pa m 3 mol Ϫ1 K Ϫ1 . The factor 0.411 was shown by Karickhoff [28] to improve the correlation between octanol-water and organic carbon-water partition coefficients (K ow , K oc ), and subsequently was applied by Hippelein and McLachlan [29] and Meijer et al. [30] to relate the soil-air partition coefficient (K sa ) and K oa [29, 30] . Equations 1 and 3 assume that the fugacity capacity of soil is due entirely to the organic matter fraction.
Organic carbon fractions, determined by dry combustion after removing carbonates, ranged from 0.0038 to 0.024 [5] and were multiplied by 1.7 to estimate om (L. Van Vliet, Agriculture and Agri-Food Canada, Summerland, BC, Canada, personal communication). Soil residues were converted from a mass to volume concentration basis assuming a soil bulk density of 1,500 kg m
Ϫ3
, intermediate between a loamy and sandy soil (L. van Vliet, personal communication). Air temperature was obtained from local weather stations [5] . The K oa for technical toxaphene was estimated from its Henry's law constant and octanol-water partition coefficient at 25ЊC [16] and was adjusted for temperature assuming that the temperature slope of K oa had the same value (but opposite sign) as the average temperature slope for vapor pressures of the 7 to 9 chlorinated bornane congeners [31] .
The FR values ranged from 0.4 to 238, exceeded FR ϭ 1 (soil-air equilibrium) in 24 events, and exceeded FR ϭ 10 in 17 events. Thus, toxaphene in air sampled at 40 cm above the soils generally was not at equilibrium, but undersaturated with respect to the soil and the net flux was to the atmosphere. The departure from equilibrium tended to be less strong for night than day events. Higher air concentrations (see above, this section) and closer approach to soil-air equilibrium at night may be due to the air over the field being more stable than during the day; however, because no meteorological measurements were made on site, this could not be confirmed. In a study of pesticide volatilization from Ontario soils, Meijer et al. [30] found that organochlorine pesticide concentrations in air samples collected under a semi-enclosed chamber at 3 cm above the soil surface were close to soil-air equilibrium, and those measured in ambient air at 150 cm were lower and undersaturated with respect to the soil.
Soil-air exchange of toxaphene components
Chromatographic profiles of toxaphene residues in soil and air showed alterations from a technical toxaphene standard, as exemplified by the total ion profiles from a Texas farm (Fig.  2) . Relative to the soil, air samples contained lower proportions of the late-eluting, less volatile components. Ten peaks that span the volatility range of hepta-to nonachlorobornanes in technical toxaphene were selected for further consideration (Fig. 2) . Though these peaks contain the toxaphene congeners Environ. Toxicol. Chem. 23, 2004 T.F. Bidleman and A. Leone Fig. 2 . Chromatograms (gas chromatography-electron capture negative ion mass spectrometry) of toxaphene residues (hepta-to nonachlorinated homologs) in a Texas, USA, soil and air sample compared to a U.S. Environmental Protection Agency technical toxaphene standard. Numbers correspond to the congener assignments in Table 2 . Fig. 3 . Area ratios of toxaphene components (Fig. 2 , Table 2 Figure 2 . These peaks are likely to contain other coeluting toxaphene components that may or may not be identified [33] . b International Union of Pure and Applied Chemistry, enantiomer A. c B-numbers according to Andrews and Vetter [43] , which also gives references to the Parlar numbers (P). d Liquid-phase vapor pressure from Bidleman et al. [31] .
designated by the same numbers in Table 2 , usually they are mixtures of several coeluting components, as shown by multidimensional GC investigations [32, 33] . Changes are apparent when comparing the soil, air, and standard chromatograms. Some of these changes are driven by volatility differences, because the profiles in air are enriched in the earlier eluting components. Alterations caused by selective degradation also are evident (e.g., for peaks 5 to 8 in the center of the toxaphene chromatogram). Peak 5 matches the retention time of B8-531. Peak 6 contains mainly B8-1414 ϩ B8-1945 [33] , which were more or less well-resolved depending on the sample. They are considered together here. Peak 7 consists largely of coeluting B8-806 ϩ B8-809 with minor proportions of other congeners [33] . Peak 8 contains B8-2229 (about 50% of the peak, based on electron capture response) and several other octachlorinated compounds [33] . By using an authentic standard, we found that B8-2229 more closely matches the shoulder on the right side of peak 8 than the main peak (Fig. 2) . Others [7, 34] also show an unidentified octachlorobornane eluting after B8-806/809 and before B8-2229. Here, both the main peak and shoulder were integrated to obtain the area of peak 8.
Peaks 5 and 7 were depleted in both the soil and overlying air compared to peaks 6 and 8. This is shown in Figure 2 and also in Figure 3 as area ratios of peaks 5, 7, and 8 relative to peak 6. In general, the air samples showed similar profiles to the underlying soils; although, differences were noted in some cases. Area ratios to peak 6 were significantly different between soil and air in Alabama for peak 5 (pϽ0.001) and peak 7 (pϽ0.001), in Texas for peak 8 (pϽ0.01) and in Louisiana for peak 5 (pϽ0.05) and peak 8 (pϽ0.001). Other peak area ratios were not significantly different between soil and air (pϾ0.05). Differences in the relative proportions of these components in Alabama, Louisiana, and Texas are suggested, however caution is advised about interpreting these as regional signatures because only a few soil and air samples from each state were examined. Similar component depletions have been noted previously in ambient air samples from the southern United States [7, 8] and the Great Lakes [11, 13] . The liquid-phase vapor pressures at 25ЊC of the main congeners in peaks 5 to 8 vary by only about 13% (Table 2) , so stability rather than volatility differences are more likely to account for the observed depletions. B8-531, B8-806, and B8-809 are predicted to be relatively labile on the basis of their molecular structures [35, 36] and are depleted in toxaphene residues in sewage sludge [37] , estuarine sediment [38] , and marine mammals from the Canadian Arctic [39] and Antarctica [34] .
To investigate volatility-related fractionation, the dimensionless soil/air concentration quotient, Q ϭ (mass m Ϫ3 soil) Ϭ (mass m Ϫ3 air) [30] , was calculated for ten technical toxaphene components (Table 2 ) from their single-ion peak areas normalized to the internal standard and the quantities of soil and air analyzed. From the wide range of soil/air fugacity ratios for total toxaphene (Table 1) , it is clear that these Q values do not represent soil/air equilibrium and, in most events, the air is undersaturated relative to the soil. Octanol-air partition coefficients (K oa ) have not been reported for individual toxaphene congeners, so we used the liquid-phase vapor pressure (P L , Pa) as an alternative measure of relative volatility. Values of P L for the ten congeners at 25ЊC are given in Table 2 and were calculated at the air temperature of each event (Table 1) using published relationships [31] .
Log Q was plotted versus log P L for each event according to Equation 4 log Q ϭ m log P ϩ b L (4) Figure 4 shows three of these plots, from Alabama, Louisiana, and Texas. Interestingly, deviations of a particular congener from the regression line tended to be in the same direction. For example, components 2, 3, and 9 usually fell below the line, and 4 above the line (Fig. 4) . This suggests that structural features of the congeners, which are not accounted for by variations in P L , may play a role in their interaction with the soil.
Statistically significant linear relationships were obtained with r 2 ranging from 0.54 to 0.89 ( p Ͻ 0.0001-0.015). Slopes for most plots with significant regressions ranged from Ϫ1.01 to Ϫ1.53, and one plot had a slope of Ϫ0.59. The average slope was Ϫ1.28 Ϯ 0.20. The regressions are strongly driven by component ten, which has the lowest P L and was a relatively small peak in the air samples (Fig. 2) . When the regressions were carried out only for components 1 to 9, the average slope was reduced to Ϫ1.02 Ϯ 0.15.
It is difficult to explain slopes more negative than Ϫ1, unless they are somehow an artifact of the nonequilibrium nature of the field measurements. Goss and Schwarzenbach [40] reviewed linear free energy relationships of the type in Equation 4 and pointed out that, for equilibrium absorption of chemicals into a bulk phase, a slope of Ϫ1 will be obtained only if the activity coefficients of the chemicals in the sorbing phase (␥ abs ) are constant. A straight line relationship with a slope different from Ϫ1 will occur if the change in log ␥ abs is proportional to the change in log P L . The authors summarize published work in which alkanes were partitioned from the vapor phase into various polar and nonpolar organic liquids, and polychlorinated biphenyls and chlorobenzenes were partitioned into octanol. In these studies, slopes ranged from Ϫ0.55 to Ϫ1.00, but in no case were more negative than Ϫ1. Slopes of Equation 4 for soil-air partition coefficients of organochlorine pesticides (cyclodienes, hexachlorobenzene, DDTs, hexachlorocyclohexanes) determined under laboratory equilibrium conditions at 25ЊC were Ϫ1.05, Ϫ0.62, and Ϫ0.67 for three soil types [41] , and slope of Ϫ0.91 was found for equilibrium soil/air partitioning of chlorobenzenes and polychlorinated biphenyls [29] .
Implications for modeling of toxaphene emission and transport
Previous models of toxaphene emission from soils, atmospheric transport, and deposition have considered only the whole technical mixture [16] [17] [18] [19] [20] [21] . MacLeod et al. [21] concluded that ''a major refinement would be to model the toxaphene mixture as individual homolog groups rather than as a single chemical compound. ' ' This work provides a basis for modeling the fractionation that takes place when toxaphene evaporates from soils. For toxaphene components 1 to 9 (Fig.  2) , the average slope of Equation 4 is Ϫ1.02. This range covers the major toxaphene components that commonly are encountered in ambient air investigations [7, 8, 11, 13, 33] . If component 10 is included, the average slope is Ϫ1.28. Thus, a 10-fold change in P L is accompanied by a similar change in the soil/air concentration quotient (Q). However, P L alone probably cannot fully account for the interactions between toxaphene vapor and soil organic matter, and more physicochemical properties for single congeners are needed. Values of K ow
